One of the major problems facing distance determination by pulsed EPR, on spin-labeled proteins, has been the short relaxation time T m . Solvent deuteration has previously been used to slow relaxation and so extend the range of distance measurement and sensitivity. We demonstrate here that deuteration of the underlying protein, as well as the solvent, extends the T m to a considerable degree. Longer T m gives greatly enhanced sensitivity, much extended distance measurement, more reliable distance distribution calculation and better baseline correction.
Introduction
The pulsed electron-electron double resonance (PELDOR or DEER) experiment [1, 2] can be used to measure, with great accuracy, the distance and distance distribution between unpaired electrons attached to specific locations on macromolecules. PELDOR experiments often use spin labels attached, site specifically, to cysteine residues occurring naturally at convenient positions on proteins or introduced by genetic manipulation. The typical PELDOR experiment is conducted in a frozen glassy deuterated solution at a temperature of 50 K. The choice of 50 K is a compromise designed to maximize T 2 (or T m ) and minimize T 1 thus allowing measurement of a long persistent spin-echo with a high repetition rate. Because of the non-linear relationship between the frequency of the resultant signal derived from the spin-spin dipolar coupling and the spin-spin distance, it has often been stated that the limit to distance measurement is 80 Å. This can be illustrated by consideration of the fact that at 80 Å one needs to measure a dipolar oscillation at up to 10 ls in order to accumulate data describing a full oscillation [3] , allowing accurate conversion to a distance distribution. To measure a distance of 100 Å one would need to extend that time (and by implication the persistence of the observed spin-echo) up to at least 20 ls, a time that has appeared to be unobtainable in biological systems. Echo dephasing in spin-labeled protein systems is largely caused by a hyperfine coupling to protons in the surrounding environment and consequent spin-diffusion within that environment. Deuteration of solvent is now standard practice and largely eliminates this effect as far as the solvent is concerned however the presence of methyl groups within the protein structure make relaxation via hyperfine coupling to the protein potentially more important. Protein deuteration has been discussed by others [4, 3] . It has been firmly postulated that deuteration of the underlying protein would be expected to have significant effects upon the transverse relaxation (T m ) [5] so allowing PELDOR data to be collected over a much longer time period or alternatively bring significant gains in sensitivity due to the stronger spin-echo signal. It is important to note that deuteration of the nitroxide spin label has previously been used to eliminate strong hyperfine coupling between the electron and the spin-label methyl protons, thus giving a sharper CW signal, however this does not contribute to a significant increase in T m because the methyl protons of the spin label are decoupled from spin-diffusion of the protein protons due to their large hyperfine coupling. It is predicted that it is protons between about 7 and 25 Å that will play a significant role in echo dephasing [3] . The advantages of better sensitivity are obvious in terms of shorter data collection times or the ability to gather data on much lower concentration samples. The advantages of extending the data time over which the echo in the PELDOR experiment is measured brings the possibility of measuring much larger distances than has hitherto been possible or to make the data collected more accurate in its description of distance distributions and less plagued by background subtraction artifacts.
We have previously reported 70 Å measurements on the nucleosome core histone octamer H3Q76R1 using PELDOR in deuterated buffer [6, 7] . We report here, relaxation and PELDOR data gathered on the same protein but in a state in which the solvent and protein are deuterated (spin label non-deuterated).
Methods

Expression of deuterated histones
Total protein deuteration was accomplished using bacterial growth in Spectra9 deuterated growth media (Cambridge Isotope Laboratories Inc.).
The four core histones, H2A, H2B, H3 and H4, were expressed in Rosetta 2 cells (Stratagene) from pET3d expression vectors. Histone H3 contained the mutations C110A and Q76C for site directed spin labeling. Freshly transformed cells were grown to stationary phase in 4 ml of 2YT media containing ampicillin and chloramphenicol for selection. The cells were then pelleted, washed once with deuterated media (Spectra9, Cambridge Isotope Laboratories Inc.), pelleted again and used to inoculate a 250 ml culture. Cell growth was markedly slower in Spectra9 media, with a doubling time in the order of 60-90 min, compared to $25 min. for cells growing in 2YT media. Protein expression was induced by the addition of 1 mM IPTG when the optical density at 600 nm reached 0.6. Induction was carried out at 37°C for 14 h.
Protein purification
Cultures were spun down and resuspended in 2 ml of Wash Buffer (100 mM NaCl, 20 mM HEPES-KOH pH 7.5, 1 mM EDTA, 1% Triton X-100, 1 mM DTT) and lysed by sonication. Histones were present in the insoluble fraction, which was further washed once in Wash Buffer and twice in Wash Buffer without Triton X-100. The insoluble histones were dissolved in 4 ml of Unfolding Buffer (7 M Guanidinium-HCl, 20 mM HEPES-KOH pH 7.5, 1 mM EDTA, 1 mM DTT) and dialysed into SAU200 Buffer (20 mM sodium acetate pH 5.2, 7 M urea, 200 mM NaCl, 1 mM EDTA, 5 mM b-mercaptoethanol). 0.5 ml of cation exchange resin (SP FF, GE Healthcare) was equilibrated with SAU200 buffer in 10 mL disposable chromatography columns (Bio-Rad). Dialysed histones were bound to the resin, washed twice with 2 ml of SAU200, once with 2 ml of SAU400 (400 mM NaCl), and eluted in 2 ml of SAU800 (800 mM NaCl) (Fig. S1 ). Fractions were analysed by SDS-PAGE to assess purity (Fig. S1 ). Eluted histones were dialysed into H 2 O + 5 mM b-mercaptoethanol and stored as lyophilates.
Refolding and labeling
Lyophilised histones were dissolved in Unfolding Buffer, quantified by absorbance at 280 nm and mixed in equimolar amounts. The octamer complex was refolded by dialysis into Refolding Buffer (2 M NaCl, 20 mM HEPES-KOH pH 7.5, 1 mM EDTA, 5 mM bmercaptoethanol), and purified from mis-folded aggregates by gel filtration on a GL 10/300 column packed with Superdex S200(GE Healthcare). Before gel filtration, 20 mM dithiothrietol was added to the sample and incubated at 25°C for 30 min to insure complete reduction of the histone H3 labeling site. Gel filtration was carried out in Refolding Buffer without bmercaptoethanol, and thus additionally served as a desalting step to remove reducing agent before spin labeling. Immediately after gel filtration, fractions containing the correctly folded histone octamer were concentrated, using an Amicon Ultra-4 centrifugal concentrator (Millipore) with a molecular weight cut off of 10,000 D, to $25 mM and spin labeled with a 10-fold excess of non-deuterated (1-Oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate (MTSL) at 25°C for 3 h. Excess MTSL was removed by dialysis verses 2 L of Refolding Buffer without reducing agents at 4°C for 16 h. Labeled octamer was combined with a 1-fold excess of H2A-H2B dimers, refolded and purified separately, as our previous work had shown that an excess of dimer stabilises the octamer complex [7] . H 2 O in the refolding buffer was exchanged for D 2 O by four rounds of sequential concentration and dilution using Amicon Ò Ultra-4 centrifugal concentrators (Millipore), achieving 99.8% exchange with D 2 O. The octamer samples were finally concentrated to 100 lM and diluted 1:1 with D8-glycerol (Cambridge Isotope Laboratories Inc.), giving a final spin pair concentration of 50 lM, and stored at 4°C until EPR measurements were made.
Calculating the extent of deuteration
The extent of deuteration was estimated by mass spectrometry. The presence of exchangeable protons in polypeptides complicates the quantification of deuteration by mass spectrometry. Steps were taken to ensure that all exchangeable positions would be in proton form when applied to mass spectrometry.
EPR experiments
All experiments were executed using a Bruker ELEXSYS E580 spectrometer operating at X-band with a dielectric ring resonator and a Bruker 400U second microwave source unit. All measurements were made at 50 K with the sample in a frozen glassy state. The resonator was overcoupled giving a Q factor of approximately 100. The video bandwidth was set to 20 MHz.
Experiments to determine the phase memory time (T m ) were performed by measuring the intensity of a Hahn echo as it decayed with increasing inter-pulse delay. The pulse sequence used was p/ 2 À t 1 À p, where the p pulse was 32 ns and the initial time delay t 1 was 400 ns, in addition two-step phase cycling was employed. The inter-pulse delay was increased by 16 ns, which meant that the Hahn echo was detected at an increment of 32 ns, and the number of data points taken was 1800, thus providing a time window of approximately 58 ls. The experiment repetition time was 4 ms and 50 shots were taken at each time point. The number of scans used was either four for the non-deuterated H3Q76R1 sample or one for the fully deuterated form.
PELDOR experiments were carried out using the four pulse, deadtime free, sequence with the pump pulse frequency positioned at the center of the nitroxide spectrum; the frequency of the observer pulses was increased by 80 MHz. The observer sequence used a 32 ns p-pulse; the pump p-pulse was typically 16 ns. The experiment repetition time was 4 ms and 50 shots were taken at each time point. For the short PELDOR time window of 7.18 ls an increment of 20 ns was used and consequently 359 time points were collected.
For the long time PELDOR experiment (24.7 ls) an increment of 50 ns was used, thus leading to 494 time points being collected, which was deemed to provide sufficient resolution for such a long frequency oscillation. In order to be able to carry out this long time experiment it was necessary to increase the delay time between the second observer pulse and the pump pulse to 320 ns, this is called the dead-time delay. All PELDOR experiments were run using an eight step nuclear modulation averaging. For the short time PELDOR, a total of either 48 or 6 scans were accumulated for either the nondeuterated or fully deuterated octameric H3Q76R1 sample, respectively, in order to get a similar standard deviation between the data and the fit. For the long time PELDOR experiment 56 scans were obtained.
Echo decay analysis
Echo decay curves in a deuterated medium are dominated, initially, by ESEEM oscillations and so T m was estimated by fitting of Eq. (1) to the tail end of the data that is largely free of ESEEM [4] YðsÞ ¼ Yð0Þ exp À 2s
PELDOR data analysis
In brief, the experimentally obtained time domain trace was processed so as to remove any unwanted intermolecular couplings arising from background decay. Tikhonov regularisation is then used to simulate time trace data that give rise to distance distributions, P(r), of different peak width depending on the regularisation factor, alpha. The alpha term used was judged by reference to a calculated L curve. The L curve is a parametric plot that compares smoothness of the distance distribution to the mean square deviation. The most appropriate alpha term to be used is at the inflection of the L curve, since this provides the best compromise between smoothness (artifact suppression) and fit to the experimental data. PELDOR data was analysed using the DeerAnalysis2006 software package [8] . The dipolar coupling evolution data was corrected for background echo decay using a homogeneous three-dimensional spin distribution. The starting time for the background fit was optimised to give the best fit to the Pake pattern in the Fourier transformed data and the lowest root mean square deviation background fit.
Results
Deuterated protein yields and deuteration efficiency
The purified yields of histone proteins from Spectra9 medium varied from 3-10 mg/L culture, which is comparable to expression of histones in non-deuterated media. Deuteration levels approaching 100% were achieved in each case (see Table S2 and Fig. S3 ).
T m measurements
The values obtained for T m , by fitting Eq. (1) to the echo decay curves, are somewhat approximate due to the difficulty of data fitting but are in the order of 6 and 28 ls for non-deuterated and deuterated proteins respectively (Fig. S4) . It is interesting to note that the echo decay curve for the deuterated protein shows, as well as the normally seen deuterium ESEEM oscillations, an extra, lowfrequency oscillation that is not apparent in the curve from the non-deuterated protein. Fourier transformation of the decay curve revealed both deuterium ESEEM frequencies and what we believe to be electron-electron dipolar coupling frequencies (see Fig. S5 ). The observed dipolar coupling was measured from both transformed two pulse ESEEM data and from PELDOR giving identical measured values of 0.145 MHz, between singularities, which can be interpreted as a distance of 71 Å. Electron dipole-dipole interactions have been observed in the Fourier transform of ESEEM data from small nitroxide biradicals before [9] but, to our knowledge, has never previously been directly observed in an echo decay curve. The combination of large T m and a long electron-electron distance seem to make this observation possible.
It is quite obvious from Fig. 1 that protein deuteration yields very significant gains, both in terms of sensitivity enhancement and data collection time. The greatly increased values for T m on systems recorded at 50 K also hold out the possibility of being able to make PELDOR measurements at significantly higher temperatures where decreased T m values have previously been limiting. Measurements show that although the T m drops with increasing temperature, as would be expected, the T m for the deuterated protein at 100 K is approximately the same as the non-deuterated protein at 50 K (Fig. S6 ).
Sensitivity
The PELDOR experiment relies on the eventual detection of oscillations in a spin-echo. To examine the sensitivity advantage of using protein deuteration, we collected data on two protein samples, prepared at identical concentrations, one deuterated and one non-deuterated, taken at a time of 7 ls, close to the maximal time at which the non-deuterated sample could normally be measured. The non-deuterated sample was run for 15.5 h (a typical experimental run time) and the deuterated sample (same sample size and concentration) was run under identical conditions until signal/noise were approximately the same. Comparison of the resultant background corrected echo oscillations (Fig. 2) clearly show that the non-deuterated sample required about eight times as long to achieve a comparable signal to that obtained for the deuterated protein. In order to make direct analytical comparison we collected spin-echo data using just the 3-pulse observer sequence of the 4-pulse PELDOR sequence with a 7 ls delay between 2nd and 3rd pulses (standing DEER experiment [8] ). This demonstrated a 4-fold increase in echo intensity and consequently a signal to noise ratio increasing from 14 to 55 on going from protonated to deuterated protein (Fig. S7) . The results shown here imply that a deuterated sample as low as 6 lM concentration could give a very acceptable result over a 16 h experiment. It should be noted that the dipolar oscillations are still strong at the echo detection time of 7 ls, in both samples.
Long-distance measurement
To test how the greatly extended T m could impact on long-distance measurement, we collected PELDOR data out to 25 ls. The echo oscillation was clearly visible to 20 ls. (Fig. 3) recording two complete oscillations and allowing good baseline identification at the extreme end. Fourier transformation of the PELDOR data at both 7 and 25 ls showed the advantage of the longer time measurement in providing a very well defined Pake pattern at 25 ls, in which the peaks at 90°and 0°are clearly visible. As a general rule PELDOR data can be measured at up to twice the T m and that, to define a meaningful distance distribution, one needs to record between one and two complete echo oscillations. A T m of 28 ls should therefore allow the measurement of distances well in excess of 100 Å.
The advantage in sensitivity depends on the time period being measured but, as Figs. 1 and 2 illustrate, it can be very large. It should also be noted that the advantages of long echo persistence include the accuracy of background correction as, if the dipolar oscillations do not completely decay, then fitting a baseline is problematic and can lead to data distortion and over optimistic analysis. The spin-labeled protein sample exhibited an oscillation that went well past the point of possible detection in the non-deuterated sample but had decayed to a consistent baseline by 25 ls.
The observation of several oscillations and the probable damping of all echo oscillation within the time-window available in fully deuterated systems will enable better baseline estimation and subtraction, and so more reliable distance and distance distribution estimation.
Discussion
The results described in this paper demonstrate a very significant enhancement of spin-label T m on deuteration of the underlying protein. Increasing sensitivity has been the aim of a number of studies and include a move to higher frequency [10] and in the case of membrane proteins the use of lipid minidisks [10] or non spinlabeled protein dilution [11] , both aimed at reducing relaxation due to molecular crowding. The large gains in echo persistence seen with protein deuteration provide significant gains in sensitivity and these should be additive to the other approaches mentioned. The extreme persistence of the refocused echo in protein deuterated spin labeled samples allows for more complete data acquisition and clearly allows for very long-distance measurements far exceeding the normally quoted 80 Å. 
